ABSTRACT Each combustion chamber of the Fourier engine is open to multiple cylinders, which have pistons connected to crankshafts that rotate at different rates. The displacements of the individual cylinders and the relative phases of the pistons are selected according to a Fourier approximation of a prescribed time dependence of the volume of the combustion chamber. The parameters are selected so that the duration of the intake and ignition strokes is greater than the duration of the compression and exhaust strokes. As the speed of an engine increases, the power curve initially climbs approximately linearly, but it levels off as intake and ignition become less efficient at high rpm. By increasing the duration of these strokes relative to the duration of the other strokes, it may be possible to allow the power curve to climb higher before leveling off.
I. INTRODUCTION
In a conventional four-stroke internal combustion engine, the time dependence of the volume of the combustion chamber is approximately sinusoidal, and the intake, compression, ignition, and exhaust strokes are of equal duration. After initially increasing approximately linearly with engine speed, the brake power curve begins to level off at high rpm [1, p. 825] as the intake and combustion of the air-fuel mixture become less efficient. Various approaches are commonly used to reduce the loss of efficiency (and thereby increase the maximum power), such as increasing the compression ratio or introducing extra intake valves or a turbocharger.
An unconventional strategy for improving efficiency is introduced in this paper. If the volume curve could be modified so that the duration of the intake and ignition strokes is greater than the duration of the compression and exhaust strokes, the engine would effectively operate at a lower speed during the intake and ignition strokes, and it might be possible to improve efficiency at high rpm and allow the power curve to climb higher before leveling off. Such volume curves are possible with the Fourier engine, which is based on the concept of a Fourier series [2, p. 134] .
Each combustion chamber of the Fourier engine is open to a primary piston and a small number (perhaps one or two) of smaller secondary pistons that are connected to secondary crankshafts rotating at rates that are integral multiples of the rate of the primary crankshaft. The phases and amplitudes of the secondary pistons are chosen in order to achieve a desired volume curve. Unlike other unconventional engines, such as the Wankel engine [3] , the Fourier engine is composed of crankshafts, connecting rods, pistons, and other conventional parts. There were problems with sealing early in the development of the Wankel engine, but this problem would not be expected for an engine that is composed of conventional parts.
The vibration characteristics of an engine can be an important issue, but standard approaches for balancing should be sufficient for the Fourier engine since it is composed of conventional parts. There is an extensive literature on various aspects of the design and efficiency of internal combustion engines, such as [4] - [8] and many other publications that focus on fuel type, turbochargers, fuel injection, engine architecture, production of emissions, and other topics. The focus here is on the possible advantages of modifying the volume curve and a design that makes this possible. Since the Fourier engine is based on conventional engine components, much of the previous research on design and efficiency should be applicable.
II. MODIFYING THE VOLUME CURVE
The combustion chamber shown in Figure 1 has the volume curve [1, p. 44] ,
where the maximum of S(φ) is the stroke, φ = ωt is the phase, ω is the rotation frequency, t is time, V 0 is the minimum volume, b is the cross-sectional area of the cylinder, r is the distance between the axes of the main and rod journals of the crankshaft, and L is the distance between the axes of the connecting rod. When L is much larger than r, V (φ) approximately reduces to the sinusoid,
Comparison of the exact (solid) and approximate (dashed) volume curves for the combustion chamber of a conventional internal combustion engine.
As shown in Figure 2 , the difference between the approximate and exact expressions is small for the case L = 4, r = 1, b = 1, and V 0 = 0.25. For simplicity, the basic idea of the Fourier engine is presented here using the approximation, but it would be straightforward to generalize to the exact case. Since the focus is on the shape of the volume curve and how it affects power, certain quantities are treated as dimensionless.
The modified volume curve, corresponds to increasing the duration of the intake and ignition strokes by the factor 1 + α and decreasing the duration of the compression and exhaust strokes by the factor 1 − α without changing the duration of the complete cycle. The parameter α is chosen to specify the relative amount by which the duration of the intake and ignition strokes increases relative to the duration of the full cycle. The modified volume curve appears in Figure 3 for the case α = 0.6. We assume that the primary factor that causes the power curve to level off is a decrease in the efficiency of the intake and ignition strokes at high engine speeds and that the efficiency of the compression and exhaust strokes does not become a factor until much higher rpm. In that case, an engine with the modified volume curve should have a power curve that levels off at a higher engine speed as shown qualitatively in Figure 4 . The net gain in power depends on friction, which tends to increase as the complexity of an engine increases. It is possible to achieve a net gain in power by adding components such as extra intake valves and turbo-chargers, and it may also be For the engine with a modified volume curve, the power curve continues to increase to a higher rpm before beginning to level off. VOLUME 6, 2018 possible to achieve a net gain in power by modifying the volume curve.
III. FOURIER APPROXIMATION
Various possible mechanical designs might allow one to modify the volume curve. The Fourier engine is based on the Fourier approximation,
and a design in which each combustion chamber is open to N cylinders, with pistons connected to crankshafts that have their rotation rates controlled by constantly meshed gears with integral ratios. The first term corresponds to the primary piston, which operates at the rpm of the engine. The secondary pistons operate at integral multiples of the rpm of the engine. The form of the approximation in (5) is chosen so that 2A n corresponds to the displacement of the nth cylinder. Since each cylinder has its own phase δ n , the net displacement may be less than the sum of the displacements of the individual cylinders. There are various possible configurations for a Fourier engine, such as placing the secondary pistons beside or above the primary piston. For the latter case, the secondary crankshafts could be located beside an overhead camshaft.
Applying an identity to expand the cosine in (5), we obtain
Integrating over the cycle 0 < φ < 2π , we obtain
Solving for the amplitudes and phases, we obtain
A comparison of V N (φ) and V (φ) appears in Figure 5 for the case α = 1/3 and N = 3. The three-term approximation is in good agreement with the exact volume curve. For a TABLE 1. Amplitudes and phases for the volume curve in Figure 5 .
FIGURE 5. A three-term Fourier approximation (solid) compared with the exact volume curve in (4) (dashed).
conventional engine, all four of the strokes have the same duration. For an engine with the volume curve in Figure 5 , the duration of the intake and ignition strokes is double the duration of the compression and exhaust strokes. The amplitudes and phases for this case appear in Table 1 . As required for the approximation to be physically meaningful, all of the amplitudes are positive. The second and third cylinders are much smaller than the primary cylinder. The volume curve in Figure 5 corresponds to a compression ratio of 9:1. Most of the volume at the minimum of the curve is due to the fact that the pistons are out of phase with each other. In order to increase α, it would be necessary to increase the minimum volume and thus reduce the compression ratio. For practical purposes, the value α = 1/3 might be close to the maximum achievable value for the Fourier engine.
IV. DISCUSSION
The combustion chamber of the Fourier engine is open to multiple cylinders of different sizes. The piston in the primary cylinder operates at the fundamental frequency, which corresponds to the period of the cycle. The pistons in the secondary cylinders operate at integral multiples of the fundamental frequency. The displacements of the cylinders and the phases of the pistons are the parameters of a Fourier approximation of a prescribed volume curve. It may be possible to achieve greater power by selecting a volume curve for which the duration of the intake and ignition strokes is greater than the duration of the compression and exhaust strokes.
The choices for the Fourier coefficients must satisfy two conditions. The amplitudes must be positive in order for the approximation to be physically meaningful. If the secondary pistons are too far out of phase with the primary piston, it may not be possible to achieve a sufficient compression ratio. For the case N = 3 and α = 1/3, all of the amplitudes are positive, it is possible to achieve a 9:1 compression ratio, and the duration of the intake and ignition strokes is double the duration of the compression and exhaust strokes. This might be close to the optimal volume curve that is possible with the Fourier engine design, but it might be sufficient to realize a substantial net gain in the maximum power.
Valve float is one of the causes of decreased engine reliability at high rpm, but the valves in a Fourier engine operate at the same rate as the valves in a conventional engine. The secondary pistons operate at higher rates than the primary piston, but they are relatively small, and it should be possible to design them to be reliable. Some emissions are produced at higher rates as engine speed increases, but the relative increase in the duration of the ignition stroke might mitigate this effect in the Fourier engine.
A substantial investment of resources would be required to build even the most basic proto-type of a Fourier engine. The initial objective of testing the concept could be based on a simple engine architecture. At the next stage of development, the focus could shift to an architecture that allows for improved efficiency in the flow of gases in and out of the combustion chamber. The use of extra valves and their locations relative to the pistons would be another potential avenue of development.
